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Abstract Ran is considered to be a promising target for
tumor-specific immunotherapy because its protein is exclu-
sively expressed in tumor tissues, though its mRNA can be
expressed in most normal tissues. In our study, we obtained
four candidate wild-type epitopes designated Ranl, Ran2,
Ran3, and Ran4, derived from the Ran antigen with the
highest predicted affinity with MHC-I, indicated by affinity
prediction plots and molecular dynamics simulation. How-
ever, in vitro affinity assays of these epitopes showed only a
moderate affinity with MHC-1. Thus, we designed altered
peptide ligands (APLs) derived from Ran wild-type epi-
topes with preferred primary and auxiliary HLA-A*0201
molecule anchor residue replacement. Of the eight tested
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peptides, the 1Y analog had the strongest binding-affinity
and lowest-dissociation rate to HLA-A*0201. Additionally,
we investigated the CTLs activities induced by Ran wild-
type peptides and the APLs in human PBMCs and in HLA-
A*0201/K" transgenic mice. Ran1 1Y was superior to other
APLs and wild-type peptides in eliciting epitope-specific
CTL immune responses both in vitro and in vivo. In sum-
mary, a wild-type epitope of the tumor-specific antigen
Ran, expressed broadly in many tumors, was identified and
designated Ranl. An APL of Ranl, Ranl 1Y, was further
designed and verified in vitro and in vivo and found to elicit
a stronger Ran-specific CTL response, indicating a poten-
tial anti-tumor application in the future.

Keywords Epitope - Cytotoxic T lymphocyte -
Altered peptide ligands - Ran - Cancer immunotherapy

Introduction

Anti-tumor vaccination is based on the existence of anti-
gens, selectively or preferentially expressed by tumors,
called tumor-associated antigens (TAAs) [1]. Cancer eradi-
cation using TAA vaccination has been demonstrated in
numerous animal models [2]. Vaccination with peptides
derived from TAAs designed to stimulate specific T-cells is
being a practicable approach evaluated in clinical trials [3—
5]. More than 170 antigenic peptides derived from 60
TAAs, many of which are widely expressed TAAs, have
been expressed in the context of MHC molecules and rec-
ognized by cells in the available T-cell repertoire [6].

Ran (ras-related nuclear protein) is a small GTP-binding
protein belonging to the RAS superfamily, essential for the
translocation of RNA and proteins through the nuclear pore
complex. Ran, mainly located in cell nucleus [7, 8] controls
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the cell cycle through the regulation of nucleo-cytoplasmic
transport [9], mitotic spindle organization [10], and nuclear
envelope formation [11-13]. Because of its increased
expression in cancer cells and involvement in malignant
transformation and/or the enhanced proliferation of cancer
cells [14, 15], Ran was identified by Azuma et al. as a gene
that codes for widely expressed TAA. Ran antigen was
shown to be expressed in the majority of cancer cells at the
protein level and in most normal tissues at the mRNA level.
Two Ran-derived peptides were shown to be capable of
inducing HLA-A33-restricted CTL activity against tumor
cells in epithelial cancer patients [15]. On the other hand,
HLA-A*0201 is the most common HLA-A allele in Asian
populations, especially in the Chinese, with an estimated
frequency of 50% [16]. Therefore, Ran represents a useful
antigen target for specific immunotherapy against tumors in
the clinic.

Several widely expressed TAAs or differentiation TAAs,
described to date, including carcinoembryonic antigen
(CEA), Survivin, Melan-A/MART-1, and gp100, represent
self-proteins and as a result are poorly immunogenic due to
immune tolerance. This most likely explains the failure of
clinical trials in which self-proteins were used as immuno-
gens. One potential strategy to counter this problem is
altered peptide ligands (APL). Examples of these APLs are
the Melan-A/MART-1 decamer 26-35 2L [17] and the
gpl00 209/2 M [18]. In 1993, Ruppert et al. [19] deter-
mined that a ‘canonical’ A2.1 motif could be defined as
either L or M at position 2 (P2) and L, V, or I at position 9
(P9). In 2000, Tourdot et al. [20] demonstrated that at posi-
tion 1 (P1), residue Y can enhance the MHC affinity for a
low-affinity epitope. These results suggest that APL might
be used to exploit a potential capacity of the T-cell reper-
toire to respond more effectively to the naive epitope.

In the present study, candidate HLA-A*0201-binding
peptides were predicted for Ran by using computer-based
prediction algorithms. Four peptides with the highest pre-
dicted score were selected and synthesized. A peptide—
MHC affinity assay was performed to determine their
affinities to the HLA-A*0201 molecule. Subsequently, we
modified these wild-type peptides to enhance their immu-
nogenicity. Finally, the immunogenicity of each peptide
was investigated in vitro (with PBMCs from healthy
donors) and invivo (with HLA-A*0201/K" transgenic
mice).

Materials and methods
Cell lines and animals

The Human TAP-deficient T2 cell line and BB7.2 cell line
producing mAb against HLA-A*0201 were purchased from
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the American Type Culture Collection (ATCC, USA). The
LB373-MEL cell line was a generous gift from Professor
Francis Brasseur (Ludwig Institute for Cancer Research,
Brussels Branch, Brussels, Belgium), the melanoma cell
line M14 was provided by Dr. Zhongmin Zou (Institute of
Combined Injury, Third Military Medical University,
Chongqing, China), and the lung adenocarcinoma cell line
A549 and breast carcinoma cell line MCF-7 were both
provided by Dr. Guijun Huang (Institute of Respiratory
Diseases, Third Military Medical University, Chongqing,
China). The T2, A549, M14, and MCF-7 cell lines were all
maintained in RPMI 1640 containing 10% FCS, and
100 pg/ml penicillin/streptomycin. The BB7.2 cell line was
maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% FCS, 4 ng/l glucose and 100 pg/
ml penicillin/streptomycin. All cell lines were kept at 37°C
in a humidified atmosphere of 5% CO, in air. Anti-HLA-
A2 antibody was derived from BB7.2 (100 pl hybridoma
culture supernatant/ 10° T2 cells) [21]. Anti-CDS8 antibody
was purchased from BD Biosciences Pharmingen (USA).
HLA-A*0201/KP transgenic (Tg) mice, 8—12-weeks-old,
were purchased from The Jackson Laboratory (USA). Mice
were bred and maintained in specific pathogen-free (SPF)
facilities. Animal experiments were performed in accor-
dance with the guidelines of the Animal Care and Use
Committee of Third Military Medical University.

Epitope prediction

The Ran sequence was scanned for HLA-A*0201-binding
peptides using the prediction software BIMAS (Section of
Biolnformatics and Molecular Analysis, National Institutes
of Health, Bethesda, MD, USA) [22] and SYFPEITHI
(Institute for Immunology, University of Tiibingen, Tiibin-
gen, Germany) [23]. The four 9-mer-peptides that showed
the highest scores with both SYFPEITHI and BIMAS were
selected for additional evaluation.

Molecular modeling

Models of HLA-A*0201 and binding 9-mer-peptides were
established from the crystal structures of the Brookhaven
Protein Data Bank: 3HLA for HLA-A*0201 and 3HSA for
the nonameric peptides. The HLA-A*0201 model was sim-
plified by using only 1 and 2 domains and 18 water mole-
cules bound to them. Molecular mechanics and dynamics
calculations were performed with the Discover 3.0 pack-
age. The force field parameters used in this study were the
consistent valence force field. During the molecular dynam-
ics and minimization, a dielectric constant of 1.0 was used
and a 9.0 A cut-off distance was applied to calculate the
nonbinding interaction. The peptide ligand was first relaxed
by 500 steps of conjugate gradient energy minimization,
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while maintaining in a fixed position. It was then submitted
to a 100-ps molecular dynamics calculation at 300 K. Dur-
ing these 100 ps, no protein atom was allowed to move.
The last conformation was then solvated in a 10 A-thick
TIP3P water shell. Energy minimization of the peptide
ligand of the HLA-A*0201/ligand complex, followed by
200-ps molecular dynamics simulation of the full solvated
HLA-A*0201/ligand pair was performed at 300 K.

Peptide synthesis

The candidate epitope peptides validated by epitope predic-
tion and molecules modeling methods were then synthe-
sized by Fmoc chemistry (Sangon, China), and purified by
HPLC to a purity of >95%. Lyophilized peptides were dis-
solved in DMSO at a concentration of 20 mg/ml and stored
at—70°C. The control peptide HBcAg g 57y (FLPSDFF-
PSV) was synthesized and purified using the same method-
ology.

Peptide-binding assay

To determine whether the candidate epitopes can bind to
HLA-A*0201 molecules, up-regulation of peptide-induced
HLA-A*0201 molecules on T2 cells was examined accord-
ing to a protocol described previously [21]. Briefly, 1 x 10°
T2 cells were incubated with 50 pM of the synthesized pep-
tides and 3 pg/ml of human f2-microglobulin (Serotec,
UK) in serum-free RPMI 1640 medium for 16 h at 37°C/
5% CO,. Expression of HLA-A*0201 on T2 cells was then
determined with the FACS Calibur flow cytometer (Becton
Dickinson, USA), by staining with primary anti-HLA-A2
Ab derived from BB7.2 and FITC-labeled goat-antimouse
IgG (BD Biosciences Pharmingen, USA) secondary anti-
body. The data were analyzed using CellQuest software
(Becton Dickinson, USA). The Fluorescence index (FI)
was calculated as follows: FI = (mean FITC fluorescence
with the given peptide — mean FITC fluorescence without
peptide)/(mean FITC fluorescence without peptide). Sam-
ples were measured in triplicate and then mean FI was
calculated.

Measurement of the peptide/HLA-A*0201 complex
stability

As previously described [20], T2 cells (106/m1) were
incubated overnight with 100 uM of each peptide in serum-
free RPMI 1640 medium supplemented with 100 ng/ml
f2-microglobin at 37°C. Thereafter, they were washed four
times to remove free peptides, incubated with Brefeldin A
(10 pg/ml) for 1 h to block HLA-A*0201 molecules newly
expressed on the cell surface, and then washed and incu-
bated at 37°C for 0, 2, 4, 6, or 8 h. Subsequently, the cells

were stained with the BB7.2 antibody to evaluate the HLA-
A*0201 molecule expression. For each time point, peptide-
induced HLA-A*0201 expression was evaluated by the
formula: mean fluorescence of peptide preincubated T2
cells — mean fluorescence of T2 cells treated in similar
conditions in the absence of peptides. The dissociation
complex50 (DC50) was defined as the time required for
the loss of 50% of the stabilized HLA-A*0201/peptide
complexes at time O h. The relative percentage of peptide
complexes remaining at one time point was evaluated by
the formula: mean fluorescence of peptide-induced HLA-
A*0201 expression at one time point/mean fluorescence of
peptide-induced HLA-A*0201 expression at time 0 h of the
same peptide.

Analysis of Ran expression with RT-PCR
and immunohistochemistry

RT-PCR was used to analyze the expression of Ran mRNA
in all tumor cell lines, including LB373-MEL, A549, Jur-
kat, and MCF-7. Total RNA was isolated from tumor cell
lines using Tripure Isolation Regent kit (Progema). Synthe-
sis of cDNA was performed with 2 pg of total RNA with
the aid of a reverse transcriptase kit (Progema) and oligo
(dT) 18 primers. A 2 pl aliquot of RT product was amplified
with PCR by using TagDNA polymerase (Sangon, Shang-
hai) using standard procedures. The following oligonucleo-
tides were used as primers: sense 5'-TATTGGTTGGTGA
TGGTGGT-3’; and antisense 5'-GTCGTGCTCATACTGT
GCTG-3'. Both primers were synthesized commercially by
Takara Company (Qingdao, China). Thirty amplification
cycles were run: 1 min at 94°C; 1 min at 60°C; and 1 min at
72°C. Cycling was ceased with a final extension of 10 min
at 72°C. RT-PCR products were then run on a gel and visu-
alized with ethidium bromide. Moreover, the expressions of
Ran protein in tumor and normal tissues were determined
with immunohistochemistry. The primary antibody to the
Ran antigen was purchased from BD and is a mouse mono-
clonal antibody against the human Ran protein.

Generation of CTLs in PBMCs from healthy donors

Dendritic cells (DCs) can effectively prime an antigen-spe-
cific T-cell response from autologous peripheral blood mono-
nuclear cells (PBMCs) [24, 25]. In this study we used DCs to
generate epitope-specific CTLs in PBMC from healthy
donors (HLA-A*0201). The effector lymphocytes and DCs
were prepared according to our published method [26].

ELISPOT assay

ELISPOT assays were performed using a commercially
available kit (DIACLONE, France). T2 cells, pulsed
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with the indicated concentration of synthetic peptides,
were used as stimulator cells. Effector cells (1 x 105)
and peptide-prepulsed T2 cells (1 x 10%) or the indicated
amount of effector cells and tumor cells (1 x 10%) were
seeded into 96-well polyvinylidene Xuoride (PVDF)-
backed microplates coated with monoclonal antibody
specific for mouse interferon (mIFN-y) or human IFN-y.
After incubation at 37°C for 16 h, cells were removed
and plates were processed according to the manufac-
turer’s instructions. IFN-y secreting T-cells were
counted using the automated imaged analysis system
ELISPOT reader.

Cytotoxicity assay

One week after the final restimulation, the cytolytic activ-
ity of the effector cells was determined by a standard >'Cr
release assay in a V-bottom 96-well plate. MCF-7, A549,
M14, and T2 cells, pulsed with each peptide, were labeled
with Na®'CrO, for 1.5 h at 37°C according to our pub-
lished methods [27, 28] and taken as the target cells. In
order to assess autologous cytotoxicity, PHA-blast cells
were prepared according to a protocol described previ-
ously [29].

Analysis of in vivo immunogenicity

HLA-A*0201/K® mice were immunized with 100 pg of
various peptides prepared in incomplete Freund’s adjuvant
(IFA). As a control, mice were injected with an IFA emul-
sion without peptide. Eleven days after immunization,
splenocytes from injected animals were cultured with
10 pg/ml of the immunizing peptide loaded with autolo-
gous splenocytes (as APCs) to expand the CTLs in vitro
with mIL-2. After 5 days, the stimulated cells were used as
effector cells and added to the targets.

Statistical analysis
Analysis of variance (ANOVA) and Student’s t-test

were performed to determine the effects of the treatments.
A difference was considered significant at P < 0.05.

Table 1 Predicted Ran peptides

Results

Identification of Ran-derived peptides binding
to HLA-A*0201 molecules

The HLA-A*0201-restricted CTL epitopes of Ran were
predicted by both BIMAS and SYFPEITHI software inde-
pendently. The top four peptides IMFDVTSRYV (designated
Ranl), TLGVEVHPL (Ran2), YVATLGVEYV (Ran3), and
VLCGNKYVDI (Ran4) with the highest predictive binding
sore were selected. The peptides listed in Table 1 were syn-
thesized with a purity of over 95% (Table 1).

Molecular modeling showed that three potential CTL
epitopes from Ran satisfied the criteria of HLA-A*0201-
restricted CTL epitope with the exception of Ran4. As
shown in Fig. 1 and Table 2, the three peptides bound to the
HLA-A*0201 model structure possess a side chain of
COOH-terminal anchor residues oriented into the binding
groove at different distances from 17 to 19 A. However,
Ran4 might not be a candidate HLA-A*0201-restricted
CTL epitope because of its large solvent-accessible surface
area (SAS), compared with other peptides, and its inappro-
priate distance between P2 and P9 (>19 A). Among all of
the epitopes, Ranl had lowest nonbond energy and repre-
sents the most stable of the peptide-MHC-I complexes.
The Ranl peptide therefore showed promising potential as
a superior epitope candidate than the others at the predic-
tion stage. Figure le shows a computerized depiction
model of Ranl with the HLA-A*0201 molecule. P1, P2,
and P9 residues were able to orient into the binding groove
of MHC-I molecule, but residues P3—P6 formed a different
configuration protruding out of the binding groove that
might form an antigenic surface recognizable by the T-cell
receptor (TCR) on the CTL.

Binding affinity of candidate epitope peptides
with HLA-A*0201

A T2 cell-peptide binding test was used to evaluate the
binding affinity of these peptides in vitro. As shown in
Table 2, all of the peptides synthesized bound to HLA-
A*0201 molecules but with different affinities. Of the four

Ran peptide Position in Ran Sequence BIMAS score BIMAS ranking SYFPEITHI score SYFPEITHI ranking
Ranl 88-96 IMFDVTSRV 1295.433 1 24 2
Ran2 42-50 TLGVEVHPL 49.134 4 25 1
Ran3 39-47 YVATLGVEV 27.995 6 23 3
Ran4 118-126 VLCGNKYVDI 17.736 8 23 4

The table shows the four peptides with the highest probability of binding to HLA-A2 predicted by “BIMAS” and “SYFPEITHI”
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Fig. 1 Molecular modeling of
the candidate epitope peptides.
The configuration of each candi-
date epitope, Ran1 (a), Ran2 (b),
Ran3 (c¢), and Ran4 (d), was
determined with molecular
simulation. The side view was
obtained when bound to the
MHC-I molecule during simula-
tion. The amino-acid sequences
of the peptides used are listed in
Table 1. Atom color-coding
corresponds to the following:
green, carbon; red, oxygen;
blue, nitrogen; and white,
hydrogen. A computerized
model depicting the association
of Ran (88-96) (IMFDVTSRV)
with the HLA-A*0201 molecule
is shown (e). The MHC model
was constructed using crystallo-
graphic data of «1 and «2 heavy
domains only (orange). The
peptides are represented as a
backbone structure (green)

Ran peptides selected, Ranl, Ran2, and Ran3 showed
moderate affinity to HLA-A*0201 (FI=1.17, 1.04, and
1.09, respectively), whereas Ran4 had the lowest affinity
(FI =0.42).

Modification of candidate epitope peptides

Due to the intermediate affinity (FI < 1.5) of the candidate
epitopes to the HLA-A*0201 molecule, previous strategies
were applied to modify these candidate epitope peptides to
enhance their immunogenicities [19, 20]. As residue I at P1

of Ranl, T at P1 of Ranl, and V at P2 of Ran3 were not the
predominant anchor residues, we altered the naive epitope
Ranl and Ran2 at P1 (Y) and the naive epitope Ran3 at P2
(L, M). The T2 cell-peptide binding test was performed to
evaluate the binding affinity of these peptides in vitro. Of
the four candidate peptides, Ranl 1Y and Ran2 1Y were
high-affinity epitopes (FI =2.24 and 2.43, respectively),
while Ran3 2L and Ran3 2 M have relatively lower-affinity
to HLA-A*0201 (FI=1.90 and 1.85, respectively). All
APLs have stronger affinity than their wild-type candidate
epitope peptides (Table 3).
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Table 2 Characteristic parameters of Ran wild-type peptides bound to
HLA-A*0201 molecules

Ran Sequence Distance/A® SAS of anchor residue/A2 ®
peptide

P2 P9
Ranl  IMFDVTSRV 17.63 3.6 (1.7%) 4.9 (2.2%)
Ran2  TLGVEVHPL 18.20 3.7 (1.8%) 4.4 (1.8%)
Ran3  YVATLGVEV 17.82 0.8 (8.5%) 7.3 (3.3%)
Ran4  VLCGNKVDI 19.58 203 (9.5%)  22.0 (8.6%)

The “distance between P2 and P9 and the "Solvent-accessible surface
area (SAS) of the anchor residue P2 and P9 were determined by the
simulation method

Measurement of the peptide/HLA-A*0201 complex
stability

Previous studies have shown that a stable peptide-MHC
complex could facilitate the formation of synapses between
T-cells and APCs and the stability of peptide-MHC com-
plex was the key factor for CTL activation [30] especially
in self/tumor antigens [31]. Thus, in this study, the stability
of the peptide-MHC complex for the candidate epitopes
was investigated using T2-based analysis. The results
showed Ranl 1Y had the longest DC50 (Table 3), whereas
the DC50 of three wild-type peptides Ran2, Ran3, and
Ran4 was <2 h (Table 2). Moreover, the Ranl 1Y/HLA-
A*0201 complex was most stable among all of the peptide/
HLA-A*0201 complexes over the 8-h observation period.
As shown in Fig. 2, the remaining percentage of peptide—
MHC complex was 84, 76, 70, 53, and 51% for Ranl 1Y,
Ran2 1Y, Ran3 2L, Ran 3 2 M, and Ranl, respectively.
Thus, among all epitope peptides, Ranl 1Y showed the
highest affinity and stability with HLA-A*0201 molecules.

In vitro induction of epitope-specific CTLs from PBMC

We then investigated the capacity for priming the CTL
response in vitro with four wild-type candidate epitope
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50 1 | |
Oh 2h 4h Gh 8h

Time post treatment of brefeldin A

Fig. 2 Comparison of the stability of the peptides complex with the
HLA-A*0201 molecule (DC50 > 6 h). T2 cells were incubated over-
night with peptide at a concentration of 100 pg/ml and then washed
free of unbound peptide and incubated with Brefeldin A to block
delivery of new class I molecules to the cell surface. At the indicated
times, cells were stained for the presence of surface peptide-HLA-
A*0201 complexes. Results are presented as the relative percentage of
binding compared with 100% at time 0

peptides in three normal HLA-A*0201 individuals using
the IFN-y ELISPOT analysis. The data showed that only
Ranl could prime a significant amount of epitope-specific
CTLs, compared with an irrelevant peptide control
(Fig. 3a). Next we tested the immunogenicity of four APLs.
When compared with Ranl and other APLs-induced CTLs,
Ranl 1Y-induced CTLs were shown to possess a signifi-
cantly increased capacity to secrete IFN-y by stimulation
with 100, 10, or 1 pg of Ranl loaded to T2 cells (Fig. 3b).

Table 3 Characteristics of APLs derived from Ran wild-type peptides bound to HLA-A*0201 molecules

Wild-type peptides FI° DC50° Modified peptides Sequence FI° DC50°¢
Ranl 1.17 6—8 Ranl 1Y YMFDVTSRV 2.24 >8
Ran2 1.04 2 Ran2 1Y YLGVEVHPL 243 6-8
Ran3 1.09 2 Ran3 2L YLATLGVEV 1.90 6-8
Ran3 1.09 2 Ran3 2M YMATLGVEV 1.85 6-8
Ran4 0.42 0 - - - -
HBcAg" 1.89 >8 - FLPSDFFPSV 1.89 >8

4 HBcAg(18-27) served as positive control

b FI was calculated with the following formula: FI = MFI sample — MFI background/MFI background. Background means no peptide stimulation.
FI was determined as high (FI > 1.5), intermediate (1.0 < FI < 1.5), or weak (FI < 0.5)

¢ DC50 was defined as the time required for the loss of 50% of the HLA-A*0201/peptide complexes stabilized at time O was calculated
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Fig. 3 IFN-y-producing CTLs primed by peptides. a The four candi-
date epitope peptides were used to stimulate PBMC from healthy
HLA-A*0201-positive donors for 3 weeks at weekly intervals. The
four kinds of primed CTLs were tested against T2 cells pulsed with
Ran peptide or irrelevant peptide HBcAg5 ;. b Ranl 1Y-CTL, Ran2
1Y-CTL, Ran3 2L-CTL, and Ran3 2M-CTL were tested against T2
cells prepulsed with their wild-type counterparts (100, 10, or 1 pg).
Anti-HLA-A2 and anti-CD8 antibodies were, respectively, added into
the culture wells containing T2 cells and peptide-induced CTLs. IFN-
y production by peptide-induced CTLs was measured using the ELI-
SPOT assay. Experiments were repeated three times. Data represented
mean + S.D. * P <0.05, compared with control group

Importantly, when T2 cells loaded with 1 pg of Ranl pep-
tide, Ranl 1Y-induced CTLs, they retained the greatest
capability of IFN-y secretion, equivalent of coculturing
with T2 loaded with 100 or 10 pg of Ranl peptide. How-
ever, the capacity for IFN-y production of other three APLs
established CTLs declined sharply when stimulated with
T2 cell pulsed with 1 pg of the corresponding wild-type
counterparts. After blocking the HLA-A*0201 or CD8 mol-
ecules with anti-HLA-A2 Ab and anti-CD8 Ab respec-
tively, each peptide-loaded T2 cells could hardly induce
any specific T-cells response and resulted in little IFN-y
secretion. Similar results were obtained by stimulation with
the negative control (HBcAg,g ,;). These data indicated
that the release of IFN-y by these CTLs, upon recognition
of T2 cells pulsed with various epitope peptides, was HLA-
A2-restricted and CD8-dependent.

Cytolytic activity of epitope-specific CTLs

To address the question of whether IFN-y-producing CTL
lines could lyse target cells, a >!Cr release assay was
performed. The expression of Ran was detected in MCF-7
[32], A549 (HLA-A*0201%), and MI14 cells (HLA-
A*02017) at the mRNA and protein level by RT-PCR and
immunohistochemistry, respectively (data not shown).
MCF-7 cells (HLA-A*0201", Ran™) and peptide-prepulsed
T2 cells were used as target cells. Among the seven pep-
tides tested, only peptide Ranl and RanlY were able to
elicit Ran-specific CTLs, which could lyse MCF-7 cells
(Fig. 4). The results showed that 62.3 and 84.4% of MCF-7
cells were lysed by Ranl and Ranl 1Y-induced CTLs at
E/T ratio 90:1, respectively (Fig. 5), whereas no detectable
cytolytic activity was seen in the case of the other wild-type
peptides and APLs (Fig. 4). After 21 days of stimulation
with Ran and Ran 1 1Y at the concentration of 10 pg/ml,
the induced effectors could lyse MCF-7 and A549 cells
(HLA-A*0201*, Ran*) but not M14 cells (HLA-A*0201",
Ran*; Fig.5). To determine possible cross-reactivity of
peptide-induced CTLs to normal cells, cytotoxicity was
examined on autologous PHA-blast cells. As shown in
Fig. 5, Ranl and Ranl 1Y-induced CTLs exhibited no sub-
stantial cytotoxicity to these autologous cells. When anti-
HLA-A2 Ab derived from BB7.2 was added to the culture
wells during the cytolytic assay, anti-HLA-A2 Ab could
significantly eliminate the cytotoxicity of the induced CTLs
in vitro (Fig. 5). These results indicated that these effector

Bl MCF-7 (HLA-A*0201+, Ran+) T2 (HLA-A*0201+. Ran-)
ZT2+WT (HLA-A*0201+. Rant)

Specific Lysis (%)
W
o

Ran2 Ran3 Ran4 Ranl Ran2 Ran3 Ran3
Y 1Y 2M 2L

Peptide induced CTL

Fig. 4 Specific lysis of various cell lines by cells induced by wild-type
peptides and APLs. Effectors were induced from the PBMCs of four
HLA-A*0201 healthy donors as described in “Materials and methods”.
S Cr-release assays were performed to test for their cytotoxic activity
against MCF-7 cells (HLA-A*0201*, Ran*), T2 cell prepulsed with
wild-type peptides (HLA-A*0201%, Ran*), and T2 cells (HLA-
A*0201%, Ran™) at 90:1 E/T ratio. Experiments were repeated three
times. Data are represented as mean £ S.D. * P < 0.05, compared with
control group

@ Springer



2046

Cancer Immunol Immunother (2009) 58:2039-2049

A

o Ranl/MCF-7
-x- Ranl/PHA-blast

-# Ran1/A549 -4 Ran1/M14
-+ Ranl/MCF7+BB7.2 -o-Ranl/A549+BB7.2

100
é 80 -
-4
2 60 -
6|
Q
E 40 F
Q
b5
2
@« 20 I
% ; S \ i
E/T=20 E/T=50 E/T=90
Effector/Target cells

B

— Ranl 1YMCF7
x-Ranl 1Y/PHA-blast

= Ranl 1Y/A549 - Ranl 1Y/M14
+Ranl 1Y/MCF74BB7.2 - Ranl 1Y/A549+BB7.2

100 -
—~ L
e\c/ 80
B
£ 60 -
A
Q
g 40 +
3
[=9
©v1 20+
k3 é I
O N 1 1
E/T=20 E/T=50 E/T=90
Effector/Target cells

Fig. 5 Specific lysis of various cell lines by cells induced by Ranl and
Ranl 1Y. MCF-7 (HLA-A*0201%, Ran"), A549 (HLA-A*0201",
Ran*), M14 (HLA-A*020", Ran®), and PHA-blast cells (HLA-
A*0201%, Ran~) were incubated with or without Anti-HLA-A2 anti-
body from BB7.2 cells. The cytotoxic activity of the Ranl (a) and
Ranl 1Y (b) induced cells was determined against these cells at vari-
ous E/T ratios by >'Cr-release assay. Experiments were repeated three
times. Data are represented as mean + S.D

cells recognized target cell in a HLA-A*0201-restricted
manner.

In vivo induction of epitope-specific CTLs
in HLA-A2.1/K" transgenic mice

We investigated, whether Ranl 1Y would be more efficient
than Ranl in inducing immunity in vivo. T2 cells pulsed
with the Ran1 peptide or irrelevant peptide HBcAg,; ,; was
used as target cells. The cytolytic assay showed that the
CTLs primed from Ranl or Ranl 1Y-inoculated mice could
lyse T2-cells pulsed with the Ranl peptides but not T2-cells
loaded with the irrelevant peptide. According to the results
of the in vitro cytolytic assay, Ranl 1Y primed CTL have a
higher lytic ability than Ranl primed CTL (86.4 vs. 57.4%
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Fig. 6 Ranl 1Y can induce stronger specific CTLs in vivo in HLA-
A2.1/Kb transgenic mice than its wild-type counterpart, Ranl. The
effector cells and the target cells were prepared from the splenocytes
from HLA-A*0201/K® mice and T2 cells (HLA-A*0201) pulsed with
Ranl peptide, respectively as described in “Materials and methods”.
Anti-HLA-A?2 antibody from BB7.2 cells were added after co-culture
of the effectors and the target cells at the indicated E/T ratios, the
SlCr-release rates of the target cells were examined. T2 cells pulsed
with HBcAg,s ,; epitope peptide were used as a negative control.
Experiments were repeated three times. Data are represented as
means + S.D

at E/T ratio 90:1; Fig. 6). Moreover, anti-HLA-A2 Ab
could inhibit the peptides induced splenocytes from killing
the targets (Fig. 6). These results suggest that the higher
immunogenicity in vivo of Ranl 1Y was achieved in an
antigen-specific and HLA-A*0201-restricted fashion.

Discussion

Molecular identification and characterization of novel
TAAs has rapidly evolved over the past few years. Many
T-cell epitopes have been identified from TAAs, such as
MAGE-1 [33], MAGE-3 [34], and TRP-2 [35]. Ran is
highly expressed at both the mRNA and protein levels in
most cancer cell lines or cancer tissues tested, but present at
low levels in most normal tissues [15, 36]. Significantly
higher expression levels of Ran proteins were demonstrated
in prostate cancer tissues than in the normal tissues [37].
What’s more, Ran binding proteins, such as RanBP7 and
Ran-BPM have been reported to be preferentially expressed
in cancer tissues and to be associated with the increased
proliferation of cancer cells [38, 39]. Furthermore, a recent
study has shown that Ran was associated with the higher
grade, local invasion, and metastasis of renal cancer [40]. In
view of the finding that Ran and its associated proteins are
strongly and selectively expressed in various cancer tissues,
Ran may be an ideal target molecule for the treatment of
patients with cancer.

In this study, we first predicted candidate epitopes from
the Ran antigen with a combination of two different profes-
sional software programs. We obtained four candidate
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epitopes based on highest immunogenicity scores: Ranl,
Ran2, Ran3, and Ran4. Second, we validated them using a
molecular dynamics simulation method and found that one
epitope Ran4 was not compatible with the HLA-A*0201-
restricted CTL epitope because of the largest solvent-acces-
sible surface area (SAS). The SAS of each residue from the
epitope peptide can directly reflect the status of the packing
interaction between peptide and MHC-I molecule. The
larger the SAS is, the weaker the combination would be.
Epitope peptides combine with MHC-I molecule mainly
through weak interactions, such as hydrophobic interaction,
hydrogen bonds, and salt bonds. The stronger the noncova-
lent bonds, the more stable the peptide-MHC-I complex.
As shown in Table 3, Ranl had the lowest nonbond energy
which represents the strongest of the noncovalent bonds.
Therefore, the Ran1 peptide was predicted most promising,
as an epitope candidate. Third, a peptide-binding assay was
used to determine the affinity of every epitope with HLA-
A*0201 and showed that Ranl, Ran2, and Ran3 had mod-
erate affinity, whereas Ran4 had the lowest affinity. This is
in agreement with the results of our molecular dynamics
simulation.

Our results indicated that none of the candidate epitopes
have strong affinity to the HLA-A*0201 molecule. A simi-
lar phenomenon has also been observed in several other
TAAs, such as Melan-A/ MART-1, gp100, and CEA. Like
most other TAAs, Ran is a self-antigen and tolerance
toward Ran-derived peptides with high affinity for the
MHC molecules is therefore to be expected. However, Ran-
derived peptides with intermediate binding affinities for
MHC-I molecules might be insufficiently presented to trig-
ger naive CTLs, but presented at levels capable of stimulat-
ing already activated CTLs. Fortunately, a breaking of
tolerance and enhancement of affinity could be achieved by
immunizing with antigenic determinants provided in an
optimized form defined as APL. The use of APL in vaccine
therapy has now been reported in several studies i.e.,
gpl100, and Melan-A/ MART-1. These APLs display higher
affinity for binding to HLA class I molecules, thus creating
a complex that can interact more efficiently with the cog-
nate TCR [17, 18]. Furthermore, clinical trials indicate
these APLs to appear to be more potent in activating naive
T-cells than their wild-type peptides, produce more clinical
responses in patients, and show more regression of metasta-
ses [41, 42]. Thus, in the present study, three moderate
affinity Ran epitopes were modified at the P1 and P2
positions, respectively, to achieve stronger HLA-A*0201
binding.

We further examined the affinity of APLs to HLA-
A*0201 by in vitro affinity assay, which showed that the
APLs had much stronger affinities to the MHC-I molecule
compared to their wild-type candidate peptides. However,
former studies indicated that the stability of peptide-MHC

binding may facilitate the formation of the immune syn-
apses between T-cells and APCs and warrant full T-cell
activation through sustained signaling [43], and therefore
result in increased peptide immunogenicity. Data herein
indicates that the Ranl 1Y peptide had the lowest-dissocia-
tion rate, and formed a more stable peptide-MHC complex
that persisted at cell surface for an interval sufficient to
allow the induction of a strong CTL response. An in vitro
CTL induction assay confirmed that the Ranl 1Y peptide
could prime the more potent epitope-specific CTLs with
significantly enhanced IFN-y-producing T-cells and cyto-
lytic activity. However, several studies have shown that
some of the in vitro identified CTL epitopes had little
immunogenicity in vivo and could not prime specific CTLs,
partly because these peptides could not be effectively pro-
cessed and presented by APCs [44, 45]. In order to prove
peptide Ranl and Ranl 1Y to be effective CTL epitopes
in vivo, HLA-A*0201 transgenic mice were immunized
with these two epitopes. The results showed that either
Ranl 1Y or Ranl primed CTLs in HLA-A*0201 transgenic
mice could kill T2 cells pulsed with the Ranl peptide.
Moreover, Ranl 1Y primed CTLs have a relatively higher
lysing ability. These results indicate that Ranl 1Y had a
superior capacity to elicit immunity in vitro and in vivo,
compared with its wild-type counterpart Ranl.

Despite the promising results achieved with preclinical
studies of APL, this approach has not yet demonstrated a
superior therapeutic potential as compared with other vac-
cination approaches [46]. Recent studies reported that T-
cells primed by APLs with higher affinity binding to MHC
might be unable to effectively cross-recognize tumor cells
[47, 48]. The introduction of amino-acid substitutions in a
peptide sequence may affect TCR binding to the peptide—
MHC complex. This could influence the TCR repertoire of
APL-induced T-cells and thus explain the lack or weak
tumor cytotoxic activity observed with APLs [46]. Hence,
structural modifications of peptides should be selected
without altering TCR binding moieties to ensure that vacci-
nation-primed T-cells are specific for natural antigen and
efficiently recognize tumor cells [46]. In addition, novel
computer-based algorithms could be used for the stream-
lined design of APL with retained activity on anti-tumor
immunity [49]. In this study, our results confirmed that the
Ranl 1Y-induced T-cells could efficiently recognize the
endogenously processed epitope expressed by tumor cells
in vitro. Similar results were obtained in Melan-A/MART-
1, whose specific T-cells significantly cross-react with
tumor in most cases analyzed [17, 50]. Nevertheless, in a
recent study by Speiser et al., wild-type epitope induced
T-cells showed superior tumor reactivity compared with
Melan-A/MART-1 induced T-cells when CpG was used as
an adjuvant [51]. This study demonstrated that wild-type
epitope, if combined with potent new generation adjuvant,
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could still represent a valid immunization tool for future
immunotherapy [51]. Thus, the actual immunogenicity and
clinical efficacy of Ranl 1Y and wild-type epitope Ranl
should both be investigated in further studies.

In conclusion, our results suggest that the Ranl gg o)
IMFDVTSRYV peptide derived from Ran might be capable
of inducing HLA-A*0201-restricted CD8" CTL, which
would be lethal for tumor cells expressing Ran and HLA-
A*0201. Furthermore, 1Y analog of Ranl, which is formed
by the introduction of preferred amino-acid residues into
the Ranl wild peptide results in an increased affinity for the
HLA-A*0201 allele and could induce more efficient tumor
cell lysis compared with wild-type peptide. Currently, we
are planning to perform preclinical trials of these two Ran
epitope vaccines in a humanized animal model, the Trimera
mouse, to reveal if Ranl and its 1Y analog are capable of
potential use in cancer-specific immunotherapy in patients.
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